ABSTRACT Galerucella calmariensis L. has been widely released in North America to control Lythrum salicaria L., an invasive Eurasian wetland perennial. Previous studies suggest that generalist predators such as Coleomegilla maculata (DeGeer) may affect establishment and spread of G. calmariensis. The objectives of this study were to determine the preferred feeding sites of neonate G. calmariensis, to quantify neonate survivorship on L. salicaria leaves and shoot tips, to assess the relationship between larval density and residence time in shoot tips, and to determine if larval density inßuences survivorship of larvae on L. salicaria in the presence/absence of predators. Neonate G. calmariensis exhibited a signiÞcant propensity to ascend L. salicaria stems and conceal themselves inside shoot tips, where 77% were located after 1 h. Neonate survival in the presence of C. maculata was higher in shoot tips (70%) than on leaves (7.1%). At low densities (one to two larvae per shoot tip), G. calmariensis fed inside shoot tips for a prolonged period of time with only 25Ð30% exiting the shoot tip by 126 h. At higher densities, larvae left shoot tips more rapidly with 50% (seven larvae per shoot tip) and 80% (16 larvae per shoot tip) exiting by 126 h. The number of larvae that fed externally on foliage, i.e., were exposed to potential predation, similarly increased with increasing larval density. In the presence of adult C. maculata, G. calmariensis survival was inversely density dependent. At low larval densities, larvae remained concealed in shoot tips longer and were protected from predation. However, at high densities, larvae left shoot tips resulting in greater mortality by predators. This study indicates that density-dependent predation of G. calmariensis may occur as sheltered feeding sites within shoot tips become a limiting resource. This would occur under high G. calmariensis density and require the concurrent presence of effective predators. Further studies are necessary to determine if these conditions occur in nature and are of sufÞcient magnitude to alter G. calmariensis establishment or spread as a biological control agent of L. salicaria.
Galerucella calmariensis L. and G. pusilla (Duftschmidt) are two Eurasian leaf beetles (Coleoptera: Chrysomelidae) imported into North America for biological control of purple loosestrife (Lythrum salicaria, L.) (Lythraceae). After initial release, it commonly takes 3Ð5 yr for populations of these natural enemies to increase to levels where a signiÞcant impact on the target weed is observed (Lindgren et al. 1997) . During periods of low Galerucella density, predators may limit establishment and spread of these herbivores. For example, egg and larval stages of Galerucella nymphaeae L., a close relative of G. calmariensis, are known to be susceptible to attack by several species of arthropod predators, including Coleomegilla maculata DeGeer (Coleoptera: Coccinelidae), a native ladybeetle (Malecki et al. 1993 , Nechols et al. 1996 . Predation on G. calmariensis has also been observed in the Þeld (Malecki et al. 1993) , however, initial studies indicate that predation in the Þeld, while measurable, is of relatively low importance (Sebolt 2000) . This may in part be due to the feeding behavior of Galerucella spp. on L. salicaria.
Galerucella calmariensis adults emerge from overwintering sites in late April to early May, feed and mate for several days. Females may oviposit as many as 500 eggs on stems and leaves of L. salicaria in their lifetime (Hight and Drea 1991 , Blossey et al. 1994 , Lindgren 1997 . Eggs hatch in 7Ð14 d and larvae disperse to feeding sites within developing shoot tips. They complete their development as second-third instars by feeding externally on the stem and leaf tissue. Larval feeding in shoot tips damages meristematic tissues and can result in stunting or suppression of plant reproductive capacity Drea 1991, Blossey et al. 1994) . Leaf defoliation by later instars can nearly be complete at very high larval densities (Blossey et al. 1994 ). Larvae develop through three instars, then move to the litter and soil at the root crown and pupate.
In a preliminary greenhouse experiment (Sebolt and Landis, unpub. data) we determined that C. maculata adults conÞned to a 100 cm high by 40 cm wide cage could signiÞcantly reduce populations of G. calmariensis as previously suggested by Nechols et al. (1996) . However, treatments containing both predator and prey still resulted in signiÞcant damage to shoot tips despite heavy predation pressure. This suggested that early-instars might gain an advantage by feeding in shoot tips, thus escaping predation. Neonates of a closely related chrysomelid, Galerucella lineola F., are known to move up the stem of their host Salix viminalis L. in search of naturally curled leaves close to the stem tip (Larsson et al. 1997 ). While Larsson et al. (1997) found that rolled leaves did not protect G. lineola from predators, they did Þnd that feeding in leaf shelters protected neonate larvae from environmental stress. Neonates residing in leaf refuges were more resistant to dessication and grew faster than neonates feeding openly on leaves, indicating that conditions and nutrients in the leaf refuge enhanced larval development (Willmer 1980 , 1982 , Pelletier 1995 , Larsson et al. 1997 ). For G. calmariensis, feeding in shoot tips may also provide protection from environmental stress as well as nutritional beneÞts. However, since L. salicaria shoot tips are structurally complex with tightly packed leaves, we predicted that those larvae choosing to feed concealed inside shoot tips may also gain protection from predators. Although, at high larval densities, shoot tips may be a limited resource. In the Þeld, we observed as many as 22 larvae feeding in a single shoot tip (Sebolt 2000) . Therefore, we predicted that larval density and residence time in the tip are inversely related because as shoot tips are destroyed by larval feeding, individuals are forced to feed exposed or leave the refuge. We also predicted that at higher densities, larvae would be more susceptible to predators as they disperse or become increasingly exposed due to deterioration of the shoot tip. These predictions were tested in separate experiments with the following objectives: (1) to determine the preferred feeding sites of neonate G. calmariensis, (2) quantify neonate survivorship on L. salicaria leaves and shoot tips, (3) assess the relationship between larval density and residence time in shoot tips, and (4) to determine if larval density inßuences survivorship of larvae on L. salicaria in the presence/absence of predators.
Materials and Methods
Insects and plants for the studies were from colonies maintained at Michigan State University. Adult G. calmariensis were overwintered in plastic bags containing moistened paper towels and held at 4.5ЊC and a photoperiod of 4:20 (L:D) h. As needed, beetles were removed and acclimated for 2 d at 22ЊC and a photoperiod of 16:8 (L:D) h before being released to feed ad libitum on 60 cm tall L. salicaria plants. All plants used had been collected in the fall as root-stocks and held at 4ЊC until planting. Plants were grown in 17.7 liter (5 gallons) pots from root crowns planted in soil-less potting media and fertilized with 114 g Osmocote (Mollema and Son, Grand Rapids, MI) 14: 14:14 (N:P:K). Pots were enclosed by No-See-Um (Balson Hercules, New York, NY) sleeve cages over 1 m tall tomato cages. Eggs were collected by moving gravid females to an oviposition cage where they were provided with cut L. salicaria stems inserted into an Erlenmeyer ßask Þlled with water. Females were allowed to oviposit for 2Ð 8 h, after which foliage was removed and eggs carefully excised from leaf tissue. Eggs were placed in 60 by 15-mm petri dishes containing Þlter paper moistened with 0.25 ml dH 2 O, sealed with paraÞlm and held in an incubator at 26ЊC and a photoperiod of 16:8 (L:D) h until eclosion. Under these conditions eggs hatched in 3 d. Neonates, deÞned as larvae less than 4 h posteclosion, were used in all experiments. A subsample of neonates was removed and reared through to the adult stage to conÞrm species identiÞcation. Voucher specimens were submitted to the Entomology Department collections curator at Michigan State University.
Larval Movement Study. Experiments were conducted on the campus of Michigan State University in the Center for Integrated Plant Systems greenhouses where temperature conditions ranged from 26 Ð30ЊC and 60 Ð70% RH. Daylength in the greenhouse was 16:8 (L:D) h. Only L. salicaria plants having one pair of opposite leaves were used in these studies (i.e., trifoliate forms were excluded from the study). Axillary shoot growth was removed from the stem with forceps so only terminal shoot tips were present before introduction of larvae. Using a Þne camel hair brush, one larva was placed at the midpoint of each 20 Ð24 cm tall stem (n ϭ 39, one larva died before start of test) with the long axis of the body oriented perpendicular to the stem. To track location of larvae on the test shoots, the internodes were assigned numbers. The portion of the stem from the shoot tip to the Þrst node (excluding its foliage) was designated position 5, the stem between the Þrst node (and its foliage) and the next node position 4, continuing to position 1 for the lowest node/internode location on the stem. Any remaining length of stem below the last assigned internode was considered part of that internode and scored a 1. The internode on which larvae were placed was recorded as well as the initial choice of direction after 1 min. Every 10 min thereafter, the position (internode) number, vertical movement up or down in millimeters, and time (nearest minute) to become concealed inside the shoot tip were recorded. The number of larvae moving up, down, or not directed was contrasted at 1 min and at 10 min after release. A chisquare test for speciÞed proportions was performed to test the hypothesis that initial choice of direction was equally distributed between up, down and not directed (SAS Institute 1999).
Shoot Tip Refuge Study. This experiment contrasted the survival of G. calmariensis neonates feeding on leaves or in shoot tips in the presence or absence of adult C. maculata. Larvae and L. salicaria plants were obtained in the same manner as for the larval movement experiment described above. Coleomegilla maculata adults were Þeld-collected on the Michigan State University Farms from wheat and corn Þelds, stored in a plastic bag containing moist paper towel and held in an incubator for a 24 h starvation period at 26ЊC and a photoperiod of 16:8 (L:D) h. The experiment consisted of 20 replications of the following four treatments: (1) Shoot tip w/1 G. calmariensis neonate, (2) Leaf w/1 G. calmariensis neonate, (3) Shoot tip w/1 G. calmariensis neonate ϩ 1 C. maculata adult, (4) Leaf w/1 G. calmariensis neonate ϩ 1 C. maculata adult. Leaves or shoot tips were attached by their bases to the sides of 60 by 15-mm petri dishes using nontoxic ßoral clay (FloraCraft Corporation, Ludington, MI). This held the plant part off of the dish bottom and provided neonate G. calmariensis and adult C. maculata access to all surfaces of the leaf or tip. One G. calmariensis neonate was placed in each dish and given 1 h to disperse and commence feeding. At this time a single C. maculata adult was placed in each of the dishes in treatments 3 and 4. All petri dishes were sealed with ParaÞlm, placed in a completely randomized design on an open tray and held in an incubator (26ЊC and and a photoperiod of 16:8 [L:D] h) for 24 h. After 24 h, the dishes were removed to check for neonate and predator survival. Neonates in shoot tips were located by destructive sampling of the shoot tip. A nonparametric linear test with treatment contrasts was performed in SAS using the general models procedure (SAS Institute 1999) to test the hypothesis that mortality between treatments was not signiÞcantly different. AbbottÕs Formula (Finney 1962 ) was used to adjust the observed mortality in the leaf ϩ predator treatment based on expected (nonpredation) mortality.
Larval Density Studies. Five potted L. salicaria were grown in the greenhouse until stems reached 24 Ð26 cm in height at which point the four most uniform stems in each pot were selected and randomly assigned to receive one of four larval densities. Neonate G. calmariensis were placed on stems at densities of 1, 2, 7, or 16 neonates per stem (n ϭ 5 replications/ density). These densities were arbitrarily selected to represent Þeld densities ranging up to the observed 22 larvae/tip in the Þeld. However, due to limitations in oviposition rate, a density of 22 larvae/tip could not be reached. Stems were caged with 2.2-cm-diameter sleeve cages pulled over 2.0-cm-diameter wire frames with the bottom of each frame slipped through an outer ring taped to a 50 cm long wooden stake. A string secured the cage around the stem, which was wrapped with cotton to prevent larval escape. Stakes were pushed into the soil Ϸ15Ð20 cm and were adjustable to the growth of stems by pulling them up out of the soil. Larvae were checked twice daily for 5 d in the morning and afternoon. Larval survival and position (e.g., on tip, stem, leaves) were recorded. Larvae inside shoot tips were recorded by carefully opening each layer then gently closing them upon completion of the count. The number of larvae exposed on plant surfaces or concealed inside shoot tips was also recorded. The hypothesis that higher larval density has no effect on residence time in shoot tips and the hypothesis that larval exposure is not affected by density were tested using analysis of variance (ANOVA) in the general linear models procedure in SAS (SAS Institute 1999). Multiple Comparisons using the least square means statement were conducted to look for signiÞcant differences in percent larvae of the four densities in the tip at 126 h.
The larval density experiment was repeated using adult C. maculata as a model predator. One hour after neonates were placed on shoot tips, one C. maculata adult was placed in the enclosure with the larvae. All other methods and data collection were identical to those described above. The hypothesis that larval density had no effect on predation was tested with ANOVA using the general linear models procedure (SAS Institute 1999). Multiple comparisons were conducted using the LS means statement to identify signiÞcant differences in survivorship among densities at 126 h.
Results

Larval Movement Study.
Within the Þrst minute following release, 64.1% larvae moved upward, with the remainder not moving in a directed fashion, either motionless or circling the stem horizontally. While striking, this result was not signiÞcantly different from the null hypothesis ( 2 ϭ 3.10, df ϭ 1, P ϭ 0.078). However, by ten minutes neonates exhibited a significant ( 2 ϭ 9.26, df ϭ 1, P ϭ 0.002) upward orientation with over 70% of individuals moving toward the apex of the shoot. A comparison of larval location at 20, 40, and 60 min after release showed that an increasing proportion of larvae entered shoot tips over time. Forty-one percent of the larvae (16/39) were found concealed within shoot tips after 20 min, 64% (24/39) by 40 min and 77% (30/39) in tips after 1 h. Larvae moved a mean Ϯ SEM distance of 88.4 mm Ϯ 10.6 mm in the 1-h observation period. The mean time for a neonate to reach the shoot tip was 49 Ϯ 37 min at an average displacement rate of 2.0 Ϯ 0.8 mm/min. Shoot Tip Refuge Study. In the absence of a predator, survival of neonates on leaves (70%) was significantly less than on shoot tips (100%) ( Table 1 ). In the Finney 1962 ). The number surviving was contrasted in PROC GENMOD. Different letters following values in a column denote statistically signiÞcant differences among number surviving ( 2 ϭ 9.4, df ϭ 1, P ϭ 0.002).
presence of a predator (C. maculata), shoot tips provided neonate G. calmariensis signiÞcant protection from predation ( 2 ϭ 18.6, df ϭ 1, P ϭ 0.0001). Survivorship of neonates concealed in shoot tips with adult C. maculata present was 70% while survivorship of neonates on leaves in the presence of C. maculata was only 7.1% after adjusting for control mortality. All predators survived the duration of the test. Under the conditions tested, both leaf and tip material had wilted by the end of 24 h. This may have contributed to the control mortality observed in leaf treatments.
Larval Density Study. In the absence of a predator, larval density had no effect on larval survival through 126 h. Density of larvae in the shoot tip signiÞcantly affected larval residence time in or on the shoot tip, with prolonged residence at lower densities (F ϭ 4.17, df ϭ 43, P ϭ 0.0001) (Fig. 1 ). There were relatively small changes in the number of individuals at the shoot tip over 126 h at low larval densities (one to two larvae per shoot tip), (Fig. 1) . Similarly, there was no effect on residence time on plants with seven larvae per shoot tip until after 96 h at about which time larvae began dispersing away from the shoot tip with 70% having dispersed by 126 h. On plants with 16 larvae per shoot tip an effect on residence time was observed and larvae dispersed away from the shoot tip throughout the experiment. Nearly 35% of larvae had left the shoot tip by 72 h, 58% by 102 h, and 85% by 126 h compared with 50% dispersal at densities of seven larvae per shoot tip.
Through most of the experiment, larval density had little effect on the position of larval feeding. During the Þrst 72 h, 65Ð100% of the larvae were found feeding in or on shoot tips with larvae tending to disperse thereafter at all larval densities. However, there was a noticeable effect on the percentage of larvae found in concealed locations, i.e., inside shoot tips by 126 h (F ϭ 6.17, df ϭ 43, P Ͻ 0.0001) (Fig. 2) . The percentage of exposed larvae increased after 54 h for the two highest densities (seven and 16 larvae per shoot tip) reaching Ϸ85% (seven larvae per shoot tip) and 80% (16 larvae per shoot tip) by 126 h, whereas for lower larval densities, the percentage remained at or below 30% (Fig. 2) .
In the presence of a predator, larval survival was signiÞcantly reduced at higher larval densities by 126 h (F ϭ 11.27, df ϭ 9, P Ͻ 0.0001) (Fig. 3) . At one larva per shoot tip Ϸ80% of larvae survived to 126 h. However, at higher larval densities survivorship was signiÞcantly reduced by 126 h. At densities of seven larvae per shoot tip only 25% survivorship was observed while at densities of 16 larvae per shoot tip survivorship was Ϸ10% at 126 h.
Discussion
Neonate G. calmariensis are susceptible to predation by a variety of arthropods (Sebolt 2000) . In the Þeld we have observed Coleomegilla maculata (DeGeer), Harmonia axyridis, Podisus maculiventris (Say) and Forficula auricularia attack G. calmariensis and effects of these predators in the Þeld are the subject of a forthcoming paper. However, few of these predators were likely to be able to attack larvae concealed in shoot tips. We used C. maculata as a model predator to explore the potential for larval behavior to contribute to reduced predation.
By rapidly concealing themselves within sheltered feeding sites, G. calmariensis Þnd both a suitable microclimate and nutritional resource and further beneÞt by avoiding predation. The larval movement study demonstrated that neonate G. calmariensis larvae orient toward shoot apices and are able to rapidly conceal themselves in tissues. Within ten minutes of placement on a stem, most larvae were moving toward the apex and appeared to be actively searching for shoot tips. Many larvae were observed moving up the internodes to leaves, traveling along the abaxial leaf surface to the adaxial surface and back to the stem. This pattern would rapidly bring them into contact with any lateral or terminal shoot tips. Although we removed all lateral shoots in our experiment, in the Þeld, larvae are found in both lateral and terminal shoot tips (D.C.S., unpublished data).
We observed that once at the shoot tip, larvae concealed themselves in the innermost layers of leaf material. Previous research has shown that female Galerucella spp. prefer to lay eggs on stems and shoot tips early in the season, then oviposition shifts to leaves as the season progresses (Lindgren 1997) . It is likely that oviposition on stems and tips early in the season may be advantageous to neonates, allowing rapid movement into shoot tips. Oviposition later in the season may reßect females placing eggs in suitable locations for immediate feeding since, at higher larval densities, many shoot tips have been damaged or destroyed. Or it may reßect an aversion by females to place eggs in sites with high densities of conspeciÞc competitors. A few neonates were observed to feed on the underside of leaves even when tips were available. Why they chose to do so is unknown, although an immediate need for moisture or nutrients after eclosion seems likely. In a preliminary study that ran for Ͼ24 h, larvae initially feeding on leaves were later found in shoot tips, suggesting that they had moved after having fed for some period of time.
As long as G. calmariensis larvae remain in shoot tips, (generally Þrst and second instars) they are well protected from predators such as C. maculata adults. However, at high Galerucella spp. densities there are likely to be more larvae than available refuges. If this coincides with the presence of efÞcient predators, localized populations of Galerucella could be reduced. Late-instars may be less susceptible to predation since many of the Galerucinae late-instars exhibit chemical deterrents (Blum 1994 , Pasteels et al. 1994 ) and show a preference to reside under leaves (Larsson et al. 1997 ; unpublished data) where they may be less apparent to predators. Our Þndings show that larval density is inversely related to residence time in the shoot tip and that feeding sites in tips may be a limiting resource when G. calmariensis population densities exceed seven larvae per shoot tip. While larval densities of seven per shoot tip did not initially result in increased dispersal, shoot tips were heavily damaged by 96 h, resulting in increased dispersal and higher predation. The steady departure of larvae from shoot tips in treatments of 16 larvae per shoot tip indicates rapid deterioration in the quality of the shoot tip as a resource. In the experiment with predators present, this dispersal resulted in a dramatic increase in the incidence of predation.
These experiments demonstrate that neonate G. calmariensis prefer to feed in shoot tips where they may be partially or completely concealed from predators, however, shoot tips are unable to support high larval densities, resulting in increased dispersal and lower survivorship in the presence of predators. As previously stated, in the Þeld as many as 22 larvae per shoot tip have been observed under natural conditions. Such densities should result in rapid destruction of the tips and force Þrst-second instars to disperse at a stage of development in which they are vulnerable to predation. While G. calmariensis has established and become important in suppression of L. salicaria at many locations (Malecki et al. 1993 , Lindgren 1997 there are sites where G. calmariensis are slow to establish or may have failed to establish (unpublished data). Predation may be a contributing factor at some locations. Further studies are required to determine if these conditions are present in nature and of sufÞcient magnitude to alter G. calmariensis establishment or spread as a biological control agent of L. salicaria.
